The analysis of blood cell count including differential, is the most frequent laboratory test and has still essential diagnostic value in the diagnosis of primary or secondary diseases of the hematopoietic system. The interpretation is based on a comparison with age matched reference intervals, despite the fact that a comparison with the patients own preceding values allows a more precise statement. In the present study, blood counts and differential were performed in 1158 healthy males and females with an age ranging from 16 to 75 years were investigated using current hematology systems. The donors were examined by personnel physicians and those examining blood donors in transfusion medicine and in addition were asked via standardized questionnaire. The study resulted in reference ranges for the complete blood count, the differential blood count and reticulocytes. For several analytes, age-, gender-or analyzerspecific reference ranges were obtained. We found an age dependent decrease of the erythrocyte concentration and an increase for MCH and MCV as well as for basophils. These findings could be important for the diagnosis of diseases of the elderly like like myeloproliferative diseases (MPN) and myelodysplasias (MDS). Gender specific changes could be shown for the hemoglobulin-, the erythrocyte-and reticulocyte concentration, as well as for hematocrit and MCHC, being reduced in females. On the other hand, females showed significant higher levels for platelets and leukocytes, based on an increase of neutrophils and lymphocytes. The leukocytosis of smokers was confirmed for neutrophils and lymphocytes but lower than one could expect from recent studies. A multicentric study shows a broader distribution compared to unicentric data but this probably better reflects the reality and improves the applicability of the reference ranges.
Introduction
Frequently the reference ranges laboratories use for blood count parameters are based on the results of older studies [1] [2] [3] [4] or on outpatient groups whose health status has not been thoroughly examined. Furthermore, the equipment often used to analyze blood counts is based on obsolete measurement technologies and no longer meets today's standards. Analyzer-specific reference ranges are available only to a very limited degree [5] [6] [7] . There are publications that show the differences in blood count parameters depending on age [8] [9] [10] [11] [12] [13] , gender [14, 15] , race [16] [17] [18] [19] , pregnancy [20] and the analyzer used. A meta-analysis yielded distinct differences in reference ranges between laboratories in Switzerland [5] . Nothing has been published about potential changes in blood count or differential blood count because of changed life styles over the course of the last decades, which calls into question the transferability of old reference ranges to today's population. The transferability of such studies performed on subjects with Asian backgrounds or on groups of US army members with a high proportion of African-Americans onto Central Europeans must be called into question as well. Results from hospital patient groups (uncertain health status) [21, 22] or preselected blood donor groups must also be looked at with a critical eye. Additionally, data on smokers are very often lacking. Data on pregnancy-dependent effects on blood count parameters also are hardly ever available [23] . Many studies for determining reference ranges have continued to be performed with only one certain type of analyzer. However, results from external quality assessment schemes show clear analyzer-specific differences do exist [24] [25] [26] [27] [28] .
Because of these limitations the normal value ranges resulting from different reference value studies are very variable and difficult to classify. Therefore the goal of this study was to determine standardized reference values for a complete and differential blood count while taking into account age, gender and type of equipment. Storage-dependent effects also were to be investigated. Since clear differences between the blood count analyses from various laboratories are known from inter-laboratory test results and from isolated studies, this project was designed as a multi-centric study.
Methods
This study project was approved through the various ethics commissions of the participating centers. It focused on adults between the ages of 18 to 65 and adhered to a balanced age distribution. We recruited healthy men and women within the framework of routine medical investigation of employees by medical staff or from blood donor centers (Table 1) . Among blood donors only first-time donors were allowed, there were no financial incentives for participation in the study. The test subjects were given an informed consent form, including a privacy protection declaration. The standard questionnaire for determining their state of health included cardiovascular, renal, liver, gastrointestinal and lung diseases, bleeding tendency, thrombosis, consumption of alcohol, smoking, pregnancy as well as possible medications. The diseases listed and pregnancy were criteria for exclusion.
There were no separate blood collections, blood count analyses were performed from EDTA blood collected for routine diagnostic clarification within the framework of blood donor and personnel health checks. A blood count analysis was performed on the day the blood was collected; in some centers a further analysis was performed one day after blood collection in order to test the effects of storage. To be able to determine analyzer-specific reference ranges we used systems from various manufacturers, that meet current equipment standards (Advia 120 by Siemens, CellDyn 3500/3700/4000/Sapphire/CD 4000 by Abbott, LH750 by Beckman-Coulter, Pentra120 by ABX, XE-2100 by Sysmex). Prior to the study these firms serviced their respective analyzers and, where necessary, provided training.
To guarantee the transferability of the recorded results the study was designed as a multi-centric study (Chemnitz, Hamburg, Heidelberg, Leipzig, Mannheim, Munich, Rostock). For the purpose of comparability of the donor groups in the various centers we established a common study branch in which analyses were conducted with the one type of analyzer (XE-2100 and XT-2000i by Sysmex) used in all laboratories. Additionally, we kept a record of equipment controls with control reagents to verify comparability.
The data were anonymized and the results were evaluated with SAS (SAS Institute) and displayed with WinSTAT for Excel (R. Fitch Software). The comparison of males and females as well as the evaluation of the age dependence of the respective measured parameters was performed based on the data from the XE-2100 system manufactured by Sysmex that was used in all participating centers exept of Hamburg.
An independent biometrician from the University of Heidelberg consulted during statistical evaluation. The manufacturing firms sponsored the study by providing the analyzers, reagents and service for this study at no cost. Remaining expenditures were borne by the Deutsche Gesellschaft für Hä-matologie und Onkologie (DGHO) and the external quality asessment organization INSTAND.
Results
We could not achieve our goal of a balanced distribution of age and gender (see Figures 1A, 1B) . Primary reasons were the uneven gender distribution in the personnel structure and the blood donor group as well as the exclusion of a great number of older test subjects, because they were taking medication or because they were ill. The portion of smokers in this study group is shown in Figure 1C . The comparability of the centers was examined and confirmed based on the measurement results of the standard XE2100 analyzer (see Figure 2E ), except for Chemnitz, where the study had to be discontinued prematurely when the manufacturer took back the loan equipment, and the quicker speed with which younger persons could be recruited resulted in a lower age cross-section at that time ( Figure 1 ). The charts of the measured hematologic values show only those parameters that resulted in differences or are of particular interest. In addition, we chose to show the 95% percentiles in tabular form to facilitate the use of the reference ranges for the reader. As far as the measurement parameters are concerned, the numbering of the tables corresponds to the superior numbers of the figures.
Erythrocyte concentration and hemoglobin
Adequate reference ranges for hemoglobin and erythrocyte concentration are the defining criteria of most particular importance for anemia. The detection of erythrocyte concentration -with the exception of the age-related factor in Chem- Table 1 ). (D) Smoker status of the study participants. 1 = non smoker, 2 = smoker, 3 = unknown. nitz -does not result in any center-or analyzer-specific differences (see Figures 2E and 3F ). The measurement of hemoglobin also does not result in any equipment-specific differences, although there are distinct variations between the various centers that most likely might be attributed to differences in calibration ( Figure 3A ). There are no differences between smokers and non-smokers ( Figures 2B, 3C ). The known gender dependence with lower values in females could be confirmed (Figures 2A, 3B ). For both genders a previously unreported association was a significant reduction of erythrocyte numbers and hemoglobin concentration with increasing age and more strongly pronounced in men ( Figure  2D , 3E), which proved significant in the GLN procedure of SAS. As far as gender and analyzer differences are concerned, the behavior of the hematocrit is similar to that of the hemoglobin concentration (see Figure 4 and B), but demonstrates no significant age dependence ( Figure 4C ).
Erythrocyte indices and erythrocyte distribution width
Erythrocyte indices (MCV, MCH, MCHC) are important for the classification of anemias and their pathophysiologic classification. There are location-and analyzer-specific differences for the mean corpuscular volume (MCV) as a calibration-dependent parameter (see Figure 5A ), so that each laboratory must define its own normal ranges. High demands must be placed on the MCV, since it is a directly measured parameter and this parameter plays a big role in differentiating between microcytic and macrocytic forms of anemia. The analyzer comparison in Figure 5A demonstrates the necessity for analyzer-specific reference ranges, whereas no differences exist between genders. For mean corpuscular hemoglobin (MCH) there are no significant differences specific to gender, location or analyzer (see Figure 6 ). The above described increase with advancing age is borne out for MCH and MCV [14] . There is a small, but significant gender-and analyzer-specific difference, but no age dependence, for the MCHC value (mean corpuscular hemoglobin concentration) (see Figures 7A) and B) ). The use of the CellDyn 3500 (Abbott) results in distinctly higher values for the width of erythrocyte distribution (RDW) as a measure for anisocytosis (see Figure 8 ). There are no differences with RDW in regard to center, age, gender, smoker or non-smoker (no Figure) . 
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Reticulocytes
Reticulocytes are of critical importance in the differentiation of the causes of blood count changes. Other than for medical indications reticulocyte detection continues to be used in screening for so-called blood doping with recombinant erythropoietin by top athletes. This requires standardized reference ranges. The percentage of reticulocytes in the erythrocyte total is independent of gender ( Figure 9A ), but not their absolute concentration per µl ( Figure 9C ). The relative as well as the absolute reticulocyte count clearly showed analyzer-specific differences ( Figure 9C ), so that a change of method (analyzer change) must be taken into account in the follow-up evaluation. Whereas with the analyzers the upper 95% percentiles lie below 2.2%, values of above 3% occur in a few of the 2.5% of healthy individuals above these percentiles, without a previous dosage of EPO. There is no evidence of age dependence ( Figure 9E ). In fact, the clinically relevant measured parameter is the reticulocyte production index (RPI), since reference values only apply to healthy persons and reticulocytes play a role in the differentiation of the causes of anemia. In healthy individuals it is 1 [27] .
Platelet count and platelet volume
For the first time we were able to show gender-specific differences in platelet counts with higher numbers for females ( Figure 10A ) [4] . There is no evidence of age dependence ( Figure 10D ). Any effects caused by smoking also cannot be demonstrated ( Figure 10B ). However, clear differences in platelet counts result from the use of different analyzer systems ( Figure 10C ) and determining platelet volume has similar results (MPV, see Figure 11 ). Gender-specific differences, however, do not exist with MPV ( Figure 10B ).
Leukocytes
No analyzer, age or gender dependence was found for the leukocyte count and the neutrophilic and lymphocytic subpopulation ( Figures 12A, B, 13A , B, 14A, B). When using the peroxidase method in the Advia 120, the monocyte count is systematically lower (see Figure 15C ), since the peroxidasenegative large cells are identified separately as so-called "large unstained cells" (LUC) and amount to approximately 1 to 4% in healthy individuals. In line with expectations smokers have higher leukocyte counts ( Figure 12B ), and this Boxplots C h e m n it z H e id e lb e rg L e ip z ig M a n n h e im M ü n c h e n R o s to c k C h e m n it z H e id e lb e rg L e ip z ig M a n n h e im M ü n c h e n R o s to c k In contrast to previously existing data, however, this smoker effect is clearly less. When determining basophils, there are distinct analyzer-specific differences. It is a known fact that, besides the detection of polymorphous monocytes, the automated detection of basophiles presents the greatest problems. This stems particularly from the small measurement differences or from unsuitable criteria for delimitation against the remaining leukocyte subgroups. The eosinophil count shows a clear dispersion into the area of higher values ( Figure  16A-D) . This illustrates the difficulty of defining health, since atopic individuals who are free of complaints usually classify themselves as healthy. We did not specifically ask about allergies and they were not a criterion for exclusion. In both the charts and the tables we deliberately did not include percentages for the leukocyte subgroups, since the concentrations only represent the clinically relevant parameter.
Classification of influencing variables
Influencing variables are the differences in age and gender distribution as well as the differences in the proportion of smokers between the centers. The waiting period for the participants with completion of the questionnaire and the examination of the test subjects represent a resting period before blood collection and were intended to compensate for the previously described fluctuations of blood count parameters in outpatients.
Reference ranges
Testing the parameters examined in this study for normal distribution for continuous measured parameters with the Kolmogorov-Smirnov test showed that all measured parameters do not follow a Gaussian normal distribution. The chisquared test for discrete variables arrives at the same result. The box and whisker plots are designed as 95% percentiles and are not premised on normal distribution. This type of chart can be explained as follows: The short line within the rectangle represents the median value of the variable. The upper and lower edges indicate the 25 th or the 75 th percentiles of the data set. 50% of data fall within the rectangle and 50% are outside it. The whiskers mark the 5th and 95th percentiles. Finally, the minimum and maximum data values of the sample are marked with a + symbol.
At this time we do not believe that a separate reference table for smokers is indicated, especially since the relationship between the amount of tobacco consumption (cigarettes/ day) and the associated blood count changes has not been investigated. 
Calibration and control material
It is obvious that the control material made available by the companies for their respective analyzers does not lead to the fact that all locations with the same analyzers and the same control material generate the same values. The most likely cause is the deviation between the mean value of the control period and the target value of the control material (incorrectness).
Conclusions
Although a blood count is the most frequently performed laboratory test, reference values that are specific to the analyzer and can be transferred to today's population are available only to a very limited degree. However, a comparison with standardized reference ranges is truly essential for recognizing disease-associated blood count changes. Frequently, violations of the standard ranges defined by a laboratory, lead to automated flagging through the laboratory information systems or the internal software systems of the analyzer that 
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(5B) provoke reflex-type reactions in the sending physician. For example, the use of different reference ranges between different laboratories can mean that a test of one and the same blood sample fulfills the defining criteria of anemia in one laboratory, but not in the other. At this point it should again be emphasized that an intra-individual comparison with preceeding values is superior to an inter-individual comparison, especially in follow-up observations [29] . Up to now genderspecific standard ranges were focused on erythrocytes, Hb and HCT. In the future and not least within the scope of accreditation procedures, the source of reference ranges for the mean corpuscular hemoglobin concentration (MCHC), the red blood cell distribution width (RDW), the reticulocyte concentration, the platelet concentration, the mean platelet volume (MPV) or the white blood cell concentration (WBC) will be scrutinized. The percentages of the individual leukocyte subgroups in the differential blood count represent only auxiliary values for calculating their absolute concentrations as primary evaluation criteria. Hence only these were discussed and graphically represented in this study. The more detailed differentiations offered in part by some of the analyzers are company-specific (large unstained cells [LUC] or immature granulocytes [IG]) and were not included in the evaluation of the study, since they cannot or can only be partially verified with microscopic and immunologic reference procedures [30] . As demonstrated by the example of a female smoker, even in healthy persons outside the 95% percentiles reticulocytes disperse upward up to 3.8% with normal blood count values, so that an accusation of doping with erythropoietin based solely on a reticulocyte value of 3.3% is not legally tenable, as occurred recently in a prominent case. The equipment-and location-dependent differences found in this study should serve as a reminder of the laboratory's obligation to equalize the hematology analyzers within a laboratory or a hospital. This requires the use of normal and pathologic blood samples and prohibits stabilized or artificial control material, which is analyzer-dependent and in part is even treated differently by the software.
One must be aware of that the described analyzer-related differences as described in this study with healthy persons are smaller than those that can be achieved in the practice with diseased persons, e.g. with the latter the equipment has considerable problems delimiting anisocytosis as well as poikilocytosis of the platelets and erythrocytes and also with activated lymphocytes and variant monocytes, because all instruments were developed with the aid of blood samples from healthy persons. The study did not look at erythroblasts that can be quantified by certain devices, since they occur in only very low concentrations in healthy persons and present statistical problems. In summary, the results of this study offer medical laboratories the possibility to examine their reference ranges when providing care to healthy Central Europeans while illustrating to the colleagues requesting blood counts the need to qualify the sharp limits stated in the laboratory reports. 
